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The study of spin-pumping phenomena in ferromagnet/superconductor (F/S) hybrids 
has attracted increasing attention, particularly in systems that combine soft metallic 
ferromagnets and conventional s-wave superconductors. However, and despite their 
fundamental and technological interest, unconventional (high-temperature) d-wave 
superconductors such as YBa2Cu3O7-d (YBCO) have received scarce attention in this context. 
Here we use wideband ferromagnetic resonance to study spin-pumping effects in bilayers that 
combine Ni80Fe20 (Py) and YBCO. We evaluate the changes in the spin conductance of a d-
wave superconductor as it undergoes the normal-to-superconducting transition by analyzing 
the changes in the magnetization dynamics in Py. We find that the Gilbert damping factor 
drastically decreases when the bilayers are cooled across the superconducting transition. This 
implies that, while the presence of zero-gap nodes in the pairing potential should expectedly 
provide channels for spin injection, the transition into the superconducting state drastically 
changes spin-pumping into YBCO.  This somewhat unexpected result demonstrates the 
potential of high-temperature superconductors for manipulating the magnetization dynamics 
in ferromagnets. 
*
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Introduction 
Spin injection into superconductors constitutes a very active research topic within the 
field of superconducting spintronics. This aims at addressing some of the limitations of 
classical spintronics (e.g  those associated to Joule heating and relatively short spin lifetimes 
in normal metals) as well as at expanding its functionalities, by exploiting the dissipationless 
electron transport and quantum coherence characteristic of superconductivity [1–5]. 
Theory and experiments have shown that spin currents can flow into s-wave 
superconductors carried by equal-spin triplet Cooper pairs [1,2,6–9] or by superconducting 
quasiparticles [10,11], whose lifetime can exceed those of spin-polarized electrons in the 
normal state [12–16]. Spin-polarized quasiparticles can be efficiently injected into the 
superconductor (S) using an adjacent ferromagnet (F) by applying across the S/F interface a 
bias voltage that exceeds the superconducting gap [10,17]. This mechanism has been 
extensively explored in transport experiments with spin valves [13,18–21].  Another 
mechanism for inducing a non-equilibrium spin accumulation in superconductors is spin-
pumping [22] using the resonant excitation of the ferromagnet‟s magnetization [23,24] as 
source of pure spin current. In these ferromagnetic resonance (FMR) experiments, the 
superconductor„s efficiency as a spin-sink is evaluated via spin hall effect [25] or microwave 
absorption measurements [8,25–28], by monitoring the evolution of the resonant peak‟s 
linewidth across the superconducting transition. The assumption is that the changes of the 
magnetic damping (which lead to a narrowing/broadening of the resonance linewidth [23,24]) 
reflect variations in the spin relaxation rate when the superconducting gap opens, because this 
alters both the spin transmission across the superconductor/ferromagnet interface and the 
relaxation mechanisms within the superconductor. Pioneering experiments performed on 
Ni80Fe20/Nb (Py/Nb) bilayers have found that the opening of the superconducting gap induces 
an abrupt FMR linewidth narrowing when temperature is swept across the superconducting 
transition [26]. This was explained by considering that the opening of the superconducting 
gap leads to a vanishing electronic density of states at the Fermi level, thereby hindering the 
transmission of spin polarized electrons across the interface. More recent work on GdN (F) / 
NbN (S) multilayers has found a different behavior, in which the Gilbert damping initially 
peaks across the superconducting transition, and diminishes below the normal-state value 
upon further temperature decrease [29]. That behavior was associated to the presence of 
impurity spin-orbit scattering at the interface [30]. In contrast to the two examples above, 
studies carried out on Py/Nb multilayers with an adjacent strong spin-orbit coupling metal (Pt) 
found a steady broadening of the linewidth below TC, which was interpreted in terms of 
enhanced spin transport across the superconductor due to the generation of equal-spin triplet 
superconductivity [7,8]. The strikingly wide variety of observed behaviors illustrates the 
complexity of the underlying physics, and the importance of the interfacial properties. 
Interestingly, those earlier investigations have also evidenced that superconductivity may be 
exploited for tuning magnetization dynamics. 
The experiments discussed so far are based on conventional (low-Tc) s-wave 
superconductors, which present an isotropic superconducting gap. In contrast, in 
unconventional (high-Tc) d-wave ones the gap is suppressed along particular directions in the 
momentum space, and there exists a  superconducting-phase shift between d-wave 
lobes [31–33]. While spin diffusion effects in d-wave superconductors have been discussed in 
the context of electrical measurements [34–39], to our knowledge no spin-pumping 
experiments similar to those discussed above have been reported yet. In particular, whether 
the onset of superconducting pairing has any effect on the spin-sink behavior of cuprates such 
as YBCO remains unexplored. Notice that, at variance to s-wave superconductors, the 
presence of zero-gap nodes should provide channels for injection of spin-polarized electrons 
at the Fermi level even in superconducting state. Consequently, the effects of 
superconductivity on spin-pumping and magnetization dynamics are expectedly weaker than 
in the case s-wave superconductors. Despite this, in our experiments with YBCO/Py bilayers 
we observe an abrupt change in the linewidth across the superconducting transition, similar to 
that observed with Py/Nb s-wave superconductors [26], which suggests that the opening of 
the d-wave gap significantly suppress spin-pumping. The broadband measurements allow us 
to univocally ascribe the linewidth changes to variations of the effective Gilbert damping. 
Hence we are able to exclude any spurious effect related to frequency-independent 
inhomogeneous linewidth broadening, and to conclude that they reflect changes in the spin 
relaxations processes in the superconductor. These results demonstrate the potential of high-
temperature superconductors for manipulating the magnetization dynamics of metallic 
ferromagnets. On the other hand, they also underline the need for further developing a 
theoretical framework that specifically addresses the role of the various mechanisms at play 
(reduction of the electronic density of states [40], changes in the nonequilibrium spin-
imbalance relaxation [41] and dynamic generation of triplet pairs [42,43]) in the context of d-
wave superconductivity.  
Experimental 
We have studied different multilayers, namely c-axis YBa2Cu3O7 (30 nm)/Ni80Fe20 (15 
nm)/Al (3 nm) grown on SrTiO3 (001) hereafter referred to as STO//S/F and YBa2Cu3O7 
(30 nm)/Au (5 nm)/Ni80Fe20 (15 nm)/Al (3 nm) on STO referred to as STO//S/Au/F. A 
sample consisting of YBCO/Py grown on a the substrate NdGaO3 (sample referred as 
NGO//S/F) was also studied. The YBCO films were grown by pulsed laser deposition (PLD) 
using an excimer laser (nm) at a temperature 700 °C and oxygen pressure of 0.36 
mbar. Optimum oxygenation was ensured by raising the O2 pressure to 760 mbar during 
cooldown. Where applicable, the Au interlayer (aimed at preventing redox reactions between 
YBCO and Py) was subsequently grown in-situ by PLD, at room temperature and in pure Ar 
atmosphere. The Py layer and Al capping (aimed at preventing Py oxidation) were 
subsequently deposited ex-situ using rf-sputtering in pure Ar atmosphere at room temperature, 
without breaking vacuum between each layer deposition. Control samples consisting of single 
Py films grown on both SrTiO3 and NdGaO3 (labeled as STO//F, STO//Au/F and NGO//F) 
were studied. The samples‟ size is in all cases 5x5 mm2. 
 
FIG. 1. Sketch of the multilayer structure and experimental 
geometry for the FMR experiments. 
 
The experimental geometry considered for the FMR experiments is sketched in Fig. 
(1). A DC magnetic field H is applied parallel to the sample plane in order to saturate the 
magnetization of the Py and the excitation of the spin system is obtained with an RF magnetic 
field applied perpendicular to the DC field, using a coplanar waveguide. A DC field sweep is 
performed around the resonance field Hres, where the lorentzian dynamical susceptibility of 
the ferromagnetic layer peaks. A magnetic field modulation at low frequency (2 kHz) is used 
to measure the derivative of the absorbed power dP/dH with respect to the DC component of 
the magnetic field to improve the signal to noise ratio. When the Kittel resonant condition is 
fulfilled and neglecting the small magnetic anisotropy of Py, the resonant microwave 
frequency f and field Hres are related according to the Kittel formula [44]. 
𝒇 = 𝜸𝝁𝟎 𝑯𝒓𝒆𝒔 𝑯𝒓𝒆𝒔 + 𝑴𝒔      (1) 
where  is the gyromagnetic factor and Ms is the saturation magnetization. For each 
microwave frequency and temperature, the peak-to-peak linewidth Hpp and the resonance field 
Hres were determined by fitting the FMR dP/dH absorption spectrum to the derivative of a 
Lorentzian function, as is shown in Fig. (2)(a). For all samples studied the linewidth is well 
described by the usual linear expression [24], 
∆𝑯𝑷𝑷 =
𝟐𝜶𝒇
 𝟑𝝁𝟎𝜸
+ ∆𝑯𝟎      (2) 
where H0 is the frequency-independent contribution or inhomogeneous broadening and  is 
the Gilbert damping factor. We explored the frequency range 4 GHz  f  36 GHz for all 
samples, allowing to plot the resonance field and linewidth as a function of the frequency, as 
respectively shown in Fig. (2) (b) and (c). The values of  and H0 for each temperature are 
obtained from the fits, according to the equations (1) and (2), and their corresponding error 
bars are calculated from the linear regression of the fits. 
Results 
Fig. 3(a) shows an example of the temperature-dependent FMR linewidth at two 
particular RF frequencies (11 and 13 GHz), for a NGO//S/F bilayer (open symbols) and the 
NGO//F single film used as control sample (closed symbols). The background behavior is 
qualitatively similar for both samples, and displays a steady linewidth broadening with 
FIG. 2. Typical (a) FMR absorption spectrum and fit, (b) f vs Hres and (c) Hpp vs f obtained for the sample 
STO//S/Au/F at 30 K. The fits in (b) and (c) follows the Kittel model given by equations (1) and (2). 
decreasing temperature. This behavior has been observed in earlier FMR experiments on 
single Py thin films [45–48], and it was ascribed to the formation of magnetic oxides 
(NiFeOx) at the Py film surface (or at its interface with oxide materials). With a typical order 
temperature in the range 10 K - 50 K,  the presence of that oxide layer provides an extrinsic 
spin relaxation channel at low temperature [45–48], which produces the linewidth broadening.  
 Superposed to the background trend, the NGO//S/F bilayer shows a distinctive 
feature: a “kink” is observed at temperatures around T ~ 80 - 90 K. This is clearer for f = 13 
GHz than for f = 11 GHz. This “kink” corresponds to a drop of damping factor  across the 
superconducting transition, as evidenced in Fig. 3 (b). Here, the linewidth (after subtraction of 
the frequency-independent broadening H0) is plotted as a function of the frequency. In good 
agreement with Eq. 2, a linear relationship is observed. The slope of the straight line is 
proportional to the damping factor . One can see that it is different above (90 K) and below 
(70 K) the superconducting transition of YBCO. From this graph it is also evident that 
broadband measurements are crucial to quantify the linewidth changes across the 
 
FIG. 3. (a) Temperature dependence of the FMR linewidth, Hpp, measured at (circles) 11 GHz 
and (triangles) 13 GHz for the samples NGO//S/F (open symbols) and NGO//F (triangles). The 
dash lines are guides to the eye. (b) Hpp - H0 vs f for the sample NGO//S/F obtained at 
temperatures just above and below the superconducting critical temperature of the YBCO. The 
straight lines correspond to linear fits of the data points 
superconducting transition, and to univocally ascribe them to a variation of the damping 
factor.  
The effect of the superconductor is striking on the temperature dependence of the 
damping coefficient 𝛼(𝑇), which can be obtained together with the temperature dependent 
inhomogeneous broadening ∆H0(T) by applying the analysis described above to a series of 
∆HPP (f) measured at different temperatures. 
In Fig. 4(a) we show the 𝛼 𝑇  for superconducting multilayers STO//S/F (inset) and 
STO//S/Au/F (red circles, main panel), together with the data (black circles) for a single Py 
film (sample STO//Au/F) used as reference. One can see that, when Py is combined with the 
superconductor, and regardless of the presence or not of an interlayer, 𝛼 𝑇  drops by ~10-
15% between 90 K and 70 K. Further below Tc, 𝛼 stays nearly constant down to the lowest 
 
FIG. 4. Temperature dependence of the [(a) and (b)] magnetic damping  and [(c) and (d)] inhomogeneous 
broadening H0 for the samples STO//S/Au/F and STO//Au/F (closed symbols) and NGO//S/F and 
NGO//F (open symbols)). Data in circles corresponds to the samples with YBCO as a bottom layer and the 
control samples without YBCO are denoted with triangles. The inset in (a) shows  vs T for the sample 
STO//S/F. The dash lines are guides to the eye and the vertical dash lines in (a) and (b) indicate the critical 
temperature Tc. 
temperature. That is, 𝛼  drops across the superconducting transition, and remains constant 
thereafter. This contrast with the behavior of the STO//Au/F used as reference (black dots), 
which shows no clear change of 𝛼 within the explored temperature range. Despite the very 
different behavior of 𝛼 between samples with and without YBCO, Fig. 4 (c) shows that the 
inhomogeneous broadening ∆H0 T  behaves very similarly in the superconducting bilayers 
and in the single Py films. From these results we infer that the presence of the YBCO does not 
create chemical or magnetic anisotropy inhomogeneities that may hinder the effects of the 
superconducting transition. Thus, the main effect of superconducting state is to induce a 
decrease of the damping factor. This effect can be observed also in the NGO//S/F bilayer [see 
example Fig. 4(b)] for which 𝛼 𝑇  shows a ~10% drop across the superconducting transition 
(red circles) not observed in the reference NGO//F sample (black circles), the inhomogeneous 
broadening behaving similarly in both the superconducting and reference sample [Fig. 4 (d)].  
Notice that the damping of the samples grown on NGO is globally higher than that observed 
in samples grown on STO. This may reflect a more transparent YBCO/Py interface for 
samples are grown on NGO.  In addition, for the superconducting bilayer on NGO,  𝛼 𝑇  
shows an upturn at the lowest temperatures [see Fig. 4(b)]. 
Discussion 
The main observation in our experiments is that the damping factor in Py significantly 
drops across the superconducting transition of YBCO. Notice that this effect is similar with 
and without an Au interlayer, which is consistent with the fact the spin diffusion length of Au 
(≈ 50 nm at 10 K) [49] is larger than this interlayer‟s thickness. A possible interpretation for 
the decrease of the damping factor across the superconducting transition is that, as in earlier 
experiments with s-wave superconductors [26], spin flow across the interface diminishes as 
the superconducting gap opens, because this reduces the density of states at the Fermi level 
and thus impedes the injection of spin-polarized quasiparticles. Note however that, because 
YBCO is a d-wave superconductor, there exits zero-gap nodes and the superconducting gap is 
relatively small within a large portion of k-space, and thus one expects a much less 
pronounced suppression of electron states than with s-wave superconductors. Another 
possible ingredient is that the spin relaxation time becomes significantly longer in the 
superconducting state [10,17], leading to spin backflow and predominant relaxation [50] in 
Py. A quantitative assessment of the proposed mechanisms, which may allow discerning the 
impact of each of them in the 10-15% drop of the damping factor, would require further 
theoretical development that specifically addresses spin-pumping into d-wave 
superconductors. Finally, for the NGO//S/F bilayer we recall that, following the damping 
reduction across the superconducting transition, we observe [Fig. 4(b)] an upturn of the 
damping factor, which at low temperature reaches values higher than those observed above 
Tc. Since this increase is not observed in the reference NGO//F sample it is tempting to 
ascribe it to the opening of the superconducting gap. That is unexpected considering the 
singlet Cooper pairs in YBCO because, as temperature is decreased, the superconducting gap 
widens (and the quasiparticle population diminishes)  [51], and thus spin-pumping into the 
superconductor should not be enhanced. While an enhancement of spin-pumping in the 
superconducting phase has been recently observed in specific S/F hybrids  [7,8] and explained 
by the generation of equal-spin triplets, in the present experiments we have no clear evidence 
nor argument to supports this scenario. More likely, the low-temperature damping is strongly 
influenced by the interface magnetic properties and transparency, which may be different in 
samples grown on STO and NGO. This may be related to different oxidation of the Py at the 
S/F interface, driven by the different structural strain on the YBCO (-1% compressive on STO 
and 0.1% tensile on NGO). 
In summary, we have found that the opening of the superconducting gap in d-wave 
superconductor/ferromagnet YBCO/Py multilayers reduces the spin pumping effects and 
results in a significant damping reduction across the superconducting transition. This 
demonstrates that high-temperature superconductors can be used to efficiently manipulate the 
magnetization dynamics in S/F hybrids.  
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